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1
DEVICE USEFUL FOR HYDROGENATION
REACTIONS (II)

This application is the U.S. national phase of International
Application No. PCT/EP2013/057951 filed 17 Apr. 2013
which designated the U.S. and claims priority to European
Patent Application No. 121645253 filed 18 Apr. 2012, the
entire contents of each of which are hereby incorporated by
reference.

The present invention relates to a device for treatment of
material transported through the device comprising at least
one porous element consisting of specific solid metallic struc-
ture which allows cross-flow of the material through the
porous element and wherein the porous element is coated by
a non-acidic metal oxide which is impregnated by palladium
(Pd).

A device in accordance with the invention is useful to carry
out chemical reactions under homogenous and heterogeneous
conditions.

The device is useful for chemical reactions (especially
hydrogenations, such as selective hydrogenations) in labora-
tory scale as well as in industrial scale. W02010/42806 and
W02010/42809 are disclosing similar devices useful as a
mixer or heat exchanger for fluid or fluidized material trans-
ported through such a device. This device is also useful to
carry out chemical reactions under homogenous and hetero-
geneous conditions.

The goal of the present invention was to provide devices
with improved properties (especially in the view of selective
hydrogenations), which are also easy to produce.

The device according to the present invention is also very
stable (in regard to reaction conditions (such as pH), the
substrates and the solvents (especially water)). The device is
reusable very easily.

In particular, the device according to the invention com-
prises a tube having a wall, preferably a cylindrical wall, with
atleast one inlet end and at least one outlet end, wherein in the
tube at least one porous element consisting of a solid foamy
structure is arranged, wherein the porous element comprises
a plurality of hollow spaces that are connected to each other
and form an interconnected network, and wherein the at least
one element is consisting of a specific metal alloy, which is
then coated by a non-acidic metal oxide, which is then also
impregnated by Pd, and wherein the at least one element and
the wall are made in one piece.

The device and the at least one porous element may be
manufactured in one piece by Selective Laser Sintering (SLS)
a method described for example in U.S. Pat. No. 5,639,070,
U.S. Pat. No. 5,732,323 and U.S. Pat. No. 6,676,892 or by
Electron Beam Melting (EBM).

EBM process has some advantages which are as follows:

No thermal treatment

Smoother surfaces available than via SLS

2-3 times faster than SLS.

The present invention relates to a device for treatment of
material transported through the device comprising at least
one porous element consisting of specific solid metallic struc-
ture which allows cross-flow of the material through the
porous element and wherein the porous element is made from
a metal alloy comprising

(1) 45 weight-% (wt-%) 75 wt-%, based on the total weight

of the metal alloy, of Fe, and

(ii) 15 wt-% 30 wt-%, based on the total weight of the metal

alloy, of Ni, and

(iii) 5 wt-% 20 wt-%, based on the total weight of the metal

alloy, of Co, and
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(1v) 3 wt-% 8 wt-%, based on the total weight of the metal
alloy, of Mo, and
wherein the porous element is coated by a non-acidic metal
oxide and which is impregnated by palladium (Pd).

It is obvious that all percentages always add to 100.

The metal alloys used are iron/nickel/cobalt/molybendum
alloys. Such alloys are known as maraging steels and can be
bought commercially from companies such as Matthey SA
(Switzerland) and EOS GmbH (Germany). Such steels are
available under the tradenames of Durnco or EOS Maraging
Steel MS1.

The metal alloys can comprise further metals, such as i.e.
Cu, Cr, Mn, Si, Ti, Al and Nb.

Furthermore the metal alloy can comprise carbon as well.

Therefore the present invention relates to a device wherein
the at least one porous element is made from maraging steel
wherein the maraging steel comprises

(1) 60 wt-% 70 wt-%, based on the total weight of the

maraging steel, of Fe, and

(i) 15 wt-% 25 wt-%, based on the total weight of the

maraging steel, of Ni, and

(i) 5 wt-% 15 wt-%, based on the total weight of the

maraging steel, of Co, and

(1v) 3.5 wt-% 7 wt-%, based on the total weight of the

maraging steel, of Mo, and
wherein the porous element is coated by a non-acidic metal
oxide layer and impregnated with Pd.

An essential feature of the embodiment of the present
invention is that the at least one porous element is coated by
a non-acidic metal oxide layer.

The non-acidic metal oxide layer, which coats the at least
one porous element, is basic or amphoteric. Suitable non-
acidic metal oxide layers comprise Zn, Cr, Mn, Cu or Al.
Preferably the oxide layer comprise ZnO and optionally at
least one further metal oxide wherein the metal is chosen from
the group consisting of Cr, Mn, Mg, Cu and Al

The at least one element is preferably coated with a thin
layer of ZnO and optionally at least one further metal (Cr, Mn,
Mg, Cu and Al) oxide.

The coating of the metal alloy is done by commonly known
processes, such as i.e. dip-coating.

Usually the device of the present invention comprises
between 0.001 and 2 wt-%, based on the total weight of the
catalyst, of ZnO, preferably between 0.01 and 1 wt-%.

In a preferred embodiment of the present invention the
non-acidic metal oxide layers comprises ZnO and at least one
further metal oxide wherein the metal is chosen from the
group consisting of Cr, Mn, Mg, Cu and Al.

In a more preferred embodiment of the present the non-
acidic metal oxide layer comprises ZnO and Al,O;.

When a mixture of ZnO and Al,O; is used then it is pre-
ferred that the ratio of ZnO:Al,0; is from 2:1 to 1:2.

The so coated element or elements are then impregnated by
Pd-nanoparticles. The nanoparticles are synthesized by com-
monly known methods, i.e. by using PdCl, as a precursor,
which is then reduced by hydrogen.

Usually the Pd-nanoparticles, which are on the non-acidic
metal oxide layer, have an average particle size of between 0.5
and 20 nm, preferably of between 2 and 15 nm, more prefer-
ably of between 5 and 12 nm and most preferably of between
7 to 10 nm. (The size is measured by light scattering meth-
ods).

The device according to present invention comprises
between 0.0001 and 1 wt-%, based on the total weight of the
catalyst, of the Pd— nanoparticles, preferably between 0.001
and 0.1 wt-%.
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In accordance with a further embodiment of the device, the
hollow spaces of the at least one porous element are substan-
tially sphere-shaped and have an average equivalent diameter
01'0.5 to 20 mm, preferably of 1 to 10 mm, more preferably of
1.5 to 5 mm.

The shell which defines the surface area of the sphere-
shaped hollow spaces further comprises a plurality of inter-
connecting holes which allow cross flow of the material. The
average equivalent diameter of said holes is in the range of
0.01 to 5 mm, preferably in the range of 0.1 to 5 mm, more
preferably in the range of 0.1 to 2 mm.

In a particular embodiment of the invention, the shell is
manufactured such that it comprises a smooth or rough or
partially smooth and partially rough surface.

In a preferred embodiment, the device is designed for the
use as a mixer or heat exchanger or for the continuous han-
dling of single and multiphase chemical reactions, as for
example fast, exothermic, mixing sensitive or temperature
sensitive reactions. The device provides a fast mixing of
reactants and an extremely enhanced heat transfer. The fixed
connection of the porous structure to the wall of the reactor is
of major importance to guarantee a good heat transfer and
very high mechanical stability. This enables the possibility to
process up to high temperatures and pressures. The structure
of'the porous element has also a strong influence on the axial
dispersion, the residence time distribution in the reactor
respectively, which is an important parameter for the scaling
of chemical plants.

For conventional batch reactors, which are often used in
chemical plants, the energy dissipation may be controlled by
the rotational speed of the stirrer. For continuous systems
only the flow rate can be changed which is directly linked to
the residence time and its distribution. This correlation is a
disadvantage compared to batch reactors, but can be handled
by clearly defined geometry of the porous elements designed
by the aid of Computational Fluid Dynamics (CFD) which
are then manufactured, e.g. by the SLS method mentioned
above.

Hydrogenation of functional groups in organic molecules
are examples of fast multiphase, exothermic reactions. Such
reactions are part of environmentally acceptable reaction
routes available for organic synthesis. For example, the pre-
cursors, i.e. intermediates for Vitamin A and Vitamin E are
produced by three major types of reactions. One among them
is catalytic selective hydrogenation, a multiphase, i.e. three-
phase reaction, in which the reaction mixture comprises a
liquid phase, a non-dissolved solid catalytic phase and a gas-
eous phase.

The most common reactor type for carrying out such
hydrogenation reactions is the batch wise operated slurry
reactor. Mainly stirred tanks and loop reactors are in use. Due
to the strong exothermic reaction, a combination of external
and internal heat exchangers is necessary for efficient tem-
perature control. In addition, the concentration of catalysts
used in the reaction is relatively low (<10%), which limits the
reaction rate. Finally, the heat transfer performance of con-
ventional reactors is in the order of 0.2 to 5 kW m™ K.
Therefore, large reactor volumes are necessary to get accept-
able production rates.

The performance of hydrogenation processes and the prod-
uct distribution is strongly influenced by the catalyst activity/
selectivity and the interaction of chemical kinetics with trans-
port phenomena in the reactor.

In three phase reactions one of the main problems to over-
come is avoiding internal and external mass transfer limita-
tions. Therefore, catalyst particles of small diameter are
required. In technical application the minimal size, however,
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is limited due to catalyst handling like solids charging, filtra-
tion and discharging that often pose safety and environmental
problems, and can lead to significant catalyst losses and eco-
nomically unfavorable processes.

Further, as hydrogenations are highly exothermic, the
removal of the reaction heat becomes the main limitation for
the reactor performance. Therefore, in a slurry reactor the
mass of the catalyst per volume is limited by its heat exchange
capacity.

A further aspect concerns process safety and sustainable
production under controlled pressure. Product intermediates
in a multi-step chemical process as described above are often
unstable and decompose releasing a huge amount of heat. The
consequences are thermal runaway and explosion.

To increase the safety of the chemical reactions a strict heat
management is required. In addition, the amount of reactants
in the reactor should be as small as possible to reduce the
hazard potential.

These problems of selective reactions may be solved by
using a device hereinafter also referred to as plug flow reactor,
design as defined by the invention. Such a reactor may be
operated in a continuous mode. This operational mode avoids
the storage of large quantities of unstable product intermedi-
ates as in the case of batch processes and increases the safety
of chemical reactions.

This process integration is especially important to process
thermal instable intermediates to stable ones.

The continuous plug flow reactor hereinafter described is
optimized in its structured geometry in terms of heat and mass
transfer. The plug flow like velocity field in the reactor guar-
antees an isothermal and homogeneous operating mode. It
can be geometrically adapted to the heat transfer coefficients,
viscosities, densities and the mixing behavior of the fluids
used by the chemical reaction to optimize the ratio of oper-
ating expense (pressure drop, heating energy etc) and product
quality (selectivity, conversion etc.). On the other hand, the
structure of the at least one porous element fulfills not only the
requirements of static mixing elements, it also acts as a flame
arrestor for critical reactions and it permits mechanical and
chemical stability of the continuous system through the con-
venient molding and the right choice of the material.

To fulfill all those requirements the geometry of the at least
one porous element must not be consistent over the length of
the element and can be adjusted to the different conditions.
Furthermore and dependent on the reaction which takes place
in the tube, the porous element may stretch across the whole
length of the tube or may have a length of 10 to 90%, prefer-
ably 50 to 80%, of the total length of the reactor tube.

A plug flow reactor according to the invention has charac-
teristic dimensions in the millimeter range. Preferably, the
reactor is used with channel diameters between 0.5 and 300
mm.

In a preferred embodiment of the invention, the reactor
tube has a diameter which is in the range of from 1 to 300 mm,
preferably from 2 to 100 mm, more preferably from 5 to 50
mm.

With regard to the use of the device as reactor to carry out
chemical reactions, itis a fundamental object within the scope
of'the present invention to propose the use of catalysts. In plug
flow reactors, catalyst particles can be used as in traditional
suspension reactors in mobilized or immobilized form. If the
catalyst particles are used in immobilized, the preferably
sintered metallic structure of the porous element(s) can act as
a support for the catalysts.



US 9,421,536 B2

5

Another main feature of the reactor is the high surface to
volume ratio compared to traditional chemical reactors. The
specific surface of the reactor established by the at least one
porous element lies in the range of 500 to 50,000 m* m~,
whereas the specific surface in typical laboratory and produc-
tion vessels is about 10 m* m~> and very seldom exceeds 100
m>m™.

In a preferred embodiment of a plug flow reactor, the tube
comprises a double-walled cylindrical housing defining an
annular chamber, wherein said annular chamber includes at
least one fluid inlet and at least one fluid outlet which are
connected to a heat exchanger for continuously transporting a
heat exchange fluid through said chamber for cooling or
heating the reaction mixture.

Alternatively or in combination with the double walled
cylindrical housing, the tube may comprises a central inner-
tube arranged in longitudinal direction of the cylindrical wall,
wherein said inner tube includes at least an outlet for adding
a compound of the reaction process to the material trans-
ported through the tube or it is arranged with an inner tube
without an outlet for transporting a heat exchange fluid
through the reactor.

In general the device according to the present invention is
produced by

(1) producing the device (including the at least one porous
element) out of the metal alloy (especially maraging
steel), and

(ii) coating the device (the inner part of it) by a non-acidic
metal oxide layer, and

(iii) impregnating the non-acidic metal oxide layer with Pd
nanoparticles.

The device according to the present invention is used in
selective catalytic hydrogenation of organic starting material,
especially of organic starting material comprising a carbon-
carbon triple bond, more especially of alkynol compounds.

Therefore the present invention also relates to the use of a
device according to the present invention in selective catalytic
hydrogenation of organic starting material, especially of
organic starting material comprising a carbon-carbon triple
bond, more especially of alkynol compounds.

Preferably the present invention relates to a process of
reacting a compound of formula (1)

ey
OR;

HC=C—C—R,,

Ry

wherein

R, is linear or branched C,-C,5 alkyl or linear or branched
C;-C, 5 alkenyl moiety, wherein the C chain can be substi-
tuted, and

R, is linear or branched C,-C, alkyl, wherein the C chain can
be substituted,

R; is H or C(CO)C,-C alkyl,

with hydrogen whereas the reaction solution is pumped (or

otherwise conveyed) through a device according to the

present invention.

Hydrogen is usually used in the form H, gas.
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Preferred compounds of formula (I) are the following:

(a)

I%C//}\\§§
oH ch
(Ib)
CH; CH; CH; CH;
HC )\/\/K/\/k/\/)\\
on cn
(o)
CH; CH;

d)

They are hydrogenated to the corresponding compounds of
formula (Ia"), (Ib"), (I¢") and (Id"):

EY
CH;
H;C
OH CH,,
v
CH3 CH3 CH3 CH3
H,C )\/\/K/\)\/\/}\
OH CH,,
(e
CH;z CH;z
jive A
OH CH,, and
dd)
CH,
CH;3 ” O
HyC /W\ O)J\ CH
CH;3

The reaction is usually carried out under pressure. Usually
between 2 and 10 bar.

The reaction is usually carried out at elevated temperature.
Usually between 30° C. and 80° C.

The reaction is usually carried out without any solvents.
But it is also possible to use solvents, which are inert to
hydrogenation.

FIG. 1: shows a suitable arrangement of the hydrogenation
process.

In the following, the invention will be described in more
detail. All the parts are related to weight and the temperatures
are given in ° C. if not otherwise mentioned.
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EXAMPLE 1

Manufacturing of the Device (Plug Reacor)

In terms of chemical reactions in metal foamy structures
some difficulties of commercially available foams had to be
solved. On one hand, commercially available material, like
aluminum or copper, is critical for chemical reactors, espe-
cially interms of corrosion. On the other hand, the connection
from the foam to the wall which is a limiting step in the heat
transfer. Different approaches like soldering were tested but
no persistent connection was achieved. Therefore and in
accordance with the present invention a new manufacturing
approach is proposed, which is the so called laser sintering
technique (SLS), as described in the introduction. With this
technology, a three-dimensional structure of nearly every
shape can be designed in a Computer Assisted Design (CAD)
software and than manufactured as one single part. This is
done by depositing a layer of the metal powder (EOS Marag-
ing Steel MS1®), directing energy on a selected position
corresponding to the CAD model to sinter it before depositing
anew layer and begin the procedure again as it is for example
described in U.S. Pat. No. 5,639,070, U.S. Pat. No. 5,732,323
and U.S. Pat. No. 6,676,892. Because the manufacturing pro-
cess has nearly no limitation in terms of geometry up to a
length scale in the order of 50 um every process specific
design criteria can be fulfilled by the manufacturer. These
preferences allow very precise scaling for chemical process-
ing by adapting the most influential parameters listed in the
following. An alternative approach would be the so called
Electron Beam Melting (EBM) process which is also
described in the introduction.

The device had a length of 200 mm, an outside diameter of
10 mm, an inside diameter of 6 mm and an empty volume of
the tube or 4.4 ml.

Afterwards the device was coated with the metal oxide
layer and then the Pd-nanoparticles have been deposited onto
this layer.

Afterwards the device was subjected to a thermal pre-
treatment at 450° C. for 3 h.

Deposition of ZnO+Al1,0; (Coating of the Porous Element)
Preparation of the A1,O;+ZnO Precursor Solution:

To a 100 mL-flask was added AI(NO,);.9H,0 (20.0 g, 53.3
mMol) and water (70 mL). The mixture was stirred until
AI(NO,;);. 9H,0 was dissolved completely. The solution was
heated up to 95° C. Then ZnO powder (4.34 g, 53.3 mMol)
was slowly added to the solution. Heating and stirring were
maintained until ZnO was completely dissolved. The solution
was then cooled down to room temperature and filtrated
through a membrane filter.

The deposition of ZnO+Al,0; was performed by rinsing
the inside of the oxidized device with the precursor solution.
The device was then dried at 60° C. at 125 mbar for 2 h
followed by calcination at 450° C. for 1 h. This process was
repeated 2 times.

Impregnation with Pd

Preparation of a Pd® suspension: Sodium molybdate dihy-
drate (79.5 mg, 0.329 mmol) and palladium(Il) chloride
anhydrous (53.0 mg, 0.299 mmol) were added in 30 mL of
deionized water under heating (ca. 95° C.) and stirring. Heat-
ing and stirring were continued until complete evaporation of
water (solid residue was formed). Afterwards, 30 mL of
deionized water were added to the residue under stirring. The
evaporation-dissolving cycle was repeated two times in order
to completely dissolve PdCl,. Finally, 50 mL of hot water
were added to the solid residue. The deep brown solution was
cooled down to room temperature and filtrated through a
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paper filter into a 100 mL cylinder. The filter was washed with
water. The final volume of the precursor solution should be 60
mL.

The Pd°® suspension was formed by bubbling hydrogen
through the precursor solution for 1 h in a glass cylinder at
room temperature.

The one end of device was closed with a rubber stopper and
the reactor was filled with the obtained Pd® suspension and
the liquid was slowly evaporated in a vertical position at 90°
C. under reduced pressure. This process was repeated 3 times.

Before the hydrogenation the catalyst was activated by H,.

The use of such device leads to selective hydrogenation
with good selectivities. A suitable arrangement for a hydro-
genation process is shown in FIG. 1.

The invention claimed is:
1. A device for treatment of material transported through
the device comprising at least one porous element which
allows cross-flow of the material through the porous element,
wherein
the at least one porous element consists of a solid metallic
structure which is coated by a non-acidic metal oxide
layer impregnated by Pd-nanoparticles having an aver-
age particle size of between 0.5 to 20 nm, and wherein

the at least one porous element is made from a metal alloy
comprising

(1) 45 wt-%-75 wt-%, based on total weight of the metal

alloy, of Fe,

(1) 15 wt-%-30 wt-%, based on total weight of the metal

alloy, of Ni,

(ii1) 5 wt-%-20 wt-%, based on total weight of the metal

alloy, of Co, and

(1v) 3 wt-%-8 wt-%, based on the total weight of the metal

alloy, of Mo.

2. The device according to claim 1, wherein the metal alloy
is maraging steel.

3. The device according to claim 1, wherein the metal alloy
further comprises at least one metal selected from the group
consisting of Cu, Cr, Mn, Si, Ti, Al and Nb.

4. The device according to claim 1, wherein the metal alloy
comprises carbon.

5. The device according to claim 1, wherein the metal alloy
is maraging steel which comprises:

(1) 60 wt-%-70 wt-%, based on total weight of the maraging

steel, of Fe,

(1) 15 wt-%-25 wt-%, based on total weight of the marag-

ing steel, of Ni,

(ii1) 5 wt-%-15 wt-%, based on total weight of the marag-

ing steel, of Co, and

(1v) 3.5 wt-%-7 wt-%, based on total weight of the marag-

ing steel, of Mo.

6. The device according to claim 1, wherein the non-acidic
metal oxide layer which coats the at least one porous element
is basic or amphoteric.

7. The device according to claim 1, wherein the non-acidic
oxide layer comprises ZnO and optionally at least one further
oxide of a metal selected from the group consisting of Cr, Mn,
Mg, Cu and Al.

8. The device according to claim 1, wherein the non-acidic
metal oxide layer comprises ZnO and Al,O;.

9. The device according to claim 1, wherein the Pd-nano-
particles have an average particle size of between 2 and 15
nm.

10. The device according to claim 7, wherein the non-
acidic oxide layer comprises ZnO in an amount between
0.001 and 2 wt-%, based on total weight of the non-acidic
metal oxide layer.
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11. The device according to claim 1, wherein the Pd-nano-
particles are present in an amount between 0.0001 and 1
wt-%, based on total weight of the device.

12. The device according to claim 1, wherein the at least
one porous element comprises substantially sphere-shaped
hollow spaces having an average equivalent diameter of 0.5 to
20 mm.

13. The device according to claim 12, wherein the sphere
shaped hollow spaces of the at least one porous element have
an average equivalent diameter of 1 to 10 mm.

14. The device according to claim 12, wherein the sphere
shaped hollow spaces of the at least one porous element have
an average equivalent diameter of 1.5 to 5 mm.

15. The device according to claim 1, wherein the Pd nano-
particles have an average particle size of between 5 and 12
nm.

16. The device according to claim 1, wherein the Pd nano-
particles have an average particle size of between 7 and 10
nm.
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